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Objective: Previous studies have shown that meniscectomy results in an increase of local load trans-
mission and may cause degeneration of the knee cartilage. Using 3D reconstructed T2 mapping, we
examined the inﬂuence on the femoral cartilage under loading after medial meniscectomy.
Design: Ten porcine knees were imaged using a pressure device and a 3.0-T magnetic resonance imaging
(MRI) system. Consecutive sagittal T2 maps were obtained in neutral alignment with and without
compression, and under compression at 10 varus alignment. After medial meniscectomy, the afore-
mentioned MRI was repeated. Cartilage T2 before and after meniscectomy under each condition were
compared at the 12 regions of interest (ROIs) deﬁned on the 3D weight-bearing area of the femoral
cartilage.
Results: Before meniscectomy, large decreases in T2 under neutral compression were mainly seen at the
anterior and central ROIs of the medial cartilage, which shifted to the posterior ROIs after meniscectomy.
There were signiﬁcant differences in decrease in T2 ratio with loading before and after meniscectomy
(9.8%/4.3% at the anterior zone, 4.0%/11.4% at the posterior zone, P < 0.05). By applying varus
compression, a more remarkable decrease in the cartilage T2 in posterior ROIs after meniscectomy was
achieved. (Before/after meniscectomy: 8.7%/2.5% at the anterior zone, 7.2%/18.7% at the posterior zone,
P < 0.05).
Conclusions: Assuming a decrease in T2 with loading correlated with the applied pressure, a deﬁciency of
the medial meniscus resulted in a shift of the primary area with a maximal decrease of cartilage T2 with
loading posteriorly in the porcine knee joint, presumably reﬂecting the intraarticular environment of
load transmission.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
The meniscus plays an important role in biomechanical knee
function. Previous ex vivo studies showed that meniscus deﬁciency
and meniscectomy result in a signiﬁcant change in biomechanical
conditions in the knee joint and may lead to degeneration of the
knee articular cartilage1e3. Therefore, noninvasive tools for
assessment of the biomechanical environment in injured knees areo: T. Nishii, Department of






s Research Society International. Prequired to estimate subsequent risk of osteoarthritic progression
and to determine whether to apply conservative or surgical treat-
ment to correct abnormal biomechanical conditions.
Magnetic resonance imaging (MRI) is widely accepted as
a potent, noninvasive imaging modality for the examination of
morphological features and pathological status of themeniscus and
articular cartilage4,5. Recent studies using MRI of the articular
cartilage have focused on ultrastructural assessment of intra-
substance water content and extracellular matrix for sensitive and
accurate evaluation of cartilage degeneration6e9. Among several
imaging techniques, the T2 relaxation time of cartilage has been
shown to closely correlate with the density of collagenous archi-
tecture and water content without requiring any destructive
retrieval analysis10e12. Assessment of T2 relaxation time is also
effective in examining load responsiveness of the articular carti-
lage. In experimental studies using MRI and excised cartilageeboneublished by Elsevier Ltd. All rights reserved.
Fig. 1. The custom-made compression device along with a porcine knee joint in the
neutral position. Axial compression force was transmitted to the knee joint through
a sliding plate (asterisk) bounded by a viscoelastic foam material (black arrow). (A)
Neutral position. (B) 10 varus position.
T. Shiomi et al. / Osteoarthritis and Cartilage 20 (2012) 1383e13901384plugs13e16, signiﬁcant changes in cartilage thickness and signal
intensity were observed in response to increased loading. The
change in cartilage T2 values on MRI signiﬁcantly correlated with
the applied pressure, and the T2 value on loading MRI may thus be
a potent nondestructive index of transmission of applied load onto
the cartilage15,17,18.
Due to complex geometry of the meniscus, it is more desirable
to assess biomechanical inﬂuence of meniscus disorder three-
dimensionally over the entire surface of the femoral or tibial
condyles. Regarding investigation of cartilage T2 on MRI, however,
most previous studies conducted assessment in a limited area of
the entire anatomical conﬁguration, such as the midsagittal plane
of the medial and lateral femoral condyles19. The evaluation of
cartilage lesions in limited imaging planes may fail to allow accu-
rate assessment of the extent of the cartilage disorder that involves
planes perpendicular to the imaging plane. Hence, three-
dimensional (3D) image processing and visualization techniques
are becoming increasingly important in evaluating the physiolog-
ical inﬂuence of load distribution onto knee articular cartilage after
meniscectomy or meniscal injuries. The purpose of this study was
to assess the inﬂuence of medial meniscectomy on 3D recon-
structed T2 mapping of the femoral cartilage in the porcine knee
joint using a custom-made nonmetallic pressure device under
compressive loading or knee varus alignment.
Materials and methods
Preparation of porcine specimens and loading device
Ten fresh porcine knee joints were harvested en blocwith intact
capsules and surrounding muscles and stored at 40C. On the day
of MRI, specimens were thawed by leaving at room temperature
more than 12 h before the investigation. After conducting the
following imaging and mechanical experiments, macroscopic
inspection of the joint surfaces did not reveal any signs of joint
disease or cartilage degeneration in the specimens. The porcine
knee joints were mounted in a custom-made nonmetallic
compression device, which has been described in detail in the
report of a previous loading experiment18. In brief, the femoral and
tibial shafts were ﬁrmly ﬁxed to the nonmobile base and the
opposing side of the mobile plate respectively, and under static
loading conditions at neutral or varus/valgus alignments, longitu-
dinal compression force was transmitted to the knee joint through
a sliding plate bounded by a viscoelastic foam material (Fig. 1).
When the foam material was compressed by 20 mm with a screw
compression driver, the compression force was applied to the knee
joint to achieve 300 N across the tibiofemoral cartilages18, which
corresponded to approximately one-third of the body weight of the
specimen.
MRI measurement
MRI was performed using the head coil (eight-channel brain
phased array coil, GE Healthcare, WI, USA) of a 3.0-T MRI system
(SignaVHLX;GEHealthcare,Milwaukee,WI). Thedevicewasplaced
in a head-ﬁrst orientation in the center of the head coil. First, each
porcine knee was imaged in supine position using 3D fast imaging
employing a steady-state acquisition cycled phases (FIESTA-C)
sequence to obtain a surface model of the distal femur as well as 2D
multiple spin-echo sequences for sagittal T2 mapping of cartilage
(2D T2 maps) in neutral knee alignment and no external compres-
sion (Condition N). Next, after applying compression for 10 min, 3D
FIESTA-C images and 2D T2 maps were obtained under static
compression conditions (Condition L). After imaging in Condition L,
3D FIESTA-C images and 2D T2mapswere obtained under the samecompression conditions with the knee at 10 varus alignment
(Condition V). This imaging at Condition V was conducted to assess
the effect of alignment abnormality on knee biomechanical envi-
ronment, under strict adjustment of degree of varus deformity
without cartilage degenerative changes. After MRI, the knee joints
werewrapped ingauze soaked inphosphate-buffered saline (PBS) to
keep themmoist, and left for24h inanunloadedconditionat20C in
an acryl box. Next day, the joint capsule was opened and the medial
meniscus was resected completely with a scalpel, taking care not to
damage the articular cartilage. After medial meniscectomy, the
capsulewas closedwith sutures, and the same two sequences ofMR
images under the aforementioned three conditions were obtained.
The FIESTA-C sequence is a steady-state free precision (SSFP)
sequence that uses fully balanced gradients with constructive
interference in the steady state (CISS)20. It provides reliable contrast
between cartilage and joint ﬂuid, and a high signal-to-noise ratio
(SNR)21. 3D FIESTA-C images were acquired with the following
parameters: repetition time, 12.7 ms; echo time, 6.3 ms; slice
thickness,1mm;ﬁeld of view,10 cm;matrix, 512 256 interpolated
to 512 512; signal average, 1; acquisition time, 10 min and 27 s 2D
multiple spin-echo sequences were acquired with the following
parameters: repetition time, 1500 ms; eight evenly spaced echo
times between 10 and 80 ms; slice thickness, 3 mm; ﬁeld of view,
12 cm; matrix, 384 256 interpolated to 512 512; signal average,
1; acquisition time, 12 min and 54 s. Consecutive sagittal imaging
sections without interposed spaces were obtained over the entire
femoral cartilage using interleaved acquisition techniques. For
cartilage T2 mapping, frequency-selective fat suppressionwas used
to minimize chemical-shift artifact at the cartilageebone interface.
Frequency encodingwas oriented in the cranial-to-caudal direction.
In both sequences, the same sagittal imaging planes were obtained
in each examination series with identical axial localizing images.
Image analysis
Image analyses were conducted using custom software (Baum
3D; Osaka University, Japan).
T. Shiomi et al. / Osteoarthritis and Cartilage 20 (2012) 1383e1390 1385First, cartilage andmeniscus regionswere tracedmanually on all
slices of FIESTA-C images, and a 3D anatomical model of the femoral
cartilage and meniscus was constructed [Fig. 2(a and b)]. Second,
using 2D T2maps, cartilage T2 values were calculated on a pixel-by-
pixel basis by ﬁtting the echo-time data and the corresponding
signal intensity to a monoexponential equation, and the
boneecartilage interface and cartilage surface were determined
manually [Fig. 2(c)]. The ﬁrst echo of each multiecho sequence was
excluded from cartilage T2 calculation to minimize inaccuracy
resulting from stimulated echoes6,22. Third, cartilage T2 maps were
overlaid on the 3D model of the articular surface of the knee, with
mean cartilage T2 values of all the pixels perpendicular to the
boneecartilage interface registered to the corresponding anatomic
3D cartilage models after interpolation along the slice thickness
directions [Fig. 2(d)]. A regionof interest (ROI)wasmanuallydeﬁned
on the 3D femoral cartilage model, which was automatically sub-
divided into six ROIs of equal area based on the medial and lateral
menisci (zones in themedial condyle;M1: peripheral anterior zone,
M2: peripheral intermediate zone, M3: peripheral posterior zone,
M4: central anterior zone, M5: central intermediate zone, and M6:
central posterior zone, as well as L1eL6 in the lateral condyle)
(Fig. 3). The inner boundary line of the entire ROI was placed at the
inner margin of the medial or lateral menisci, and the outer
boundary line was determined so as to locate the mid-line at the
meniscus-cartilage boundary in the intermediate zones (M2,M5, L2,
and L5). The anterior and posterior boundary lines were placed toFig. 2. (a): Representative 3D anatomical surface model of the femoral cartilage constructed
meniscus (c): 2D sagittal femoral cartilage T2 of the lateral condyle. (d): Femoral cartilage
menisci (translucent).include the anterior and posterior areas of the menisci sufﬁciently.
After medial meniscectomy, the ROIs before meniscectomy were
transferred to the corresponding T2 maps. ROIs were deﬁned by
a single observer (TS) who noted the ROIs twice, andmean cartilage
T2 was then calculated for each ROI. Reproducibility between the
twomeasurementswas calculated as the coefﬁcient of variation and
mean reproducibility was calculated as the root mean square
average for all specimens. Reproducibility values of T2 measure-
ments in the ROIs; M1/M2/M3/M4/M5/M6were 3.2/4.1/3.5/2.8/4.0/
3.0% in themedial cartilage and L1/L2/L3/L4/L5/L6 were 2.4/3.4/3.4/
2.7/3.4/4.3% in the lateral cartilage. Evaluation of interobserver
reproducibility between two observers (TS and ST) for deﬁning ROI
was performed in the eight knee joints. The reproducibility of T2
measurements in theROIsM1/M2/M3/M4/M5/M6were4.5/5.4/4.8/
3.3/5.5/4.0% in the medial cartilage and those of L1/L2/L3/L4/L5/L6
were 3.3/4.8/4.0/3.6/4.6/4.8% in the lateral cartilage.
Statistical analysis
Cartilage T2 values under Condition N, L, and V at each ROI were
compared using a paired t-test to evaluate the inﬂuence of
compression and knee alignment before and after medial menis-
cectomy. The change in cartilage T2 by loading at neutral or varus
alignment was calculated as (T2 values at Condition L or V  T2
values at Condition N)/T2 values at Condition N  100. Inﬂuence of
meniscectomy on cartilage T2 response by loading was analyzedfrom FIESTA-C images. (b): 3D anatomical surface model of the femoral cartilage with
T2 maps (right) overlaid on the 3D anatomical surface model of the distal femur with
Fig. 3. Deﬁnition of ROIs in the femoral cartilage on the basis of the meniscus. On the
cartilage of each lateral and medial condyle, six ROIs of equal area based on the medial
and lateral menisci (zones in medial condyle; M1: peripheral anterior zone, M2:
peripheral intermediate zone, M3: peripheral posterior zone, M4: central anterior
zone, M5: central intermediate zone, and M6: central posterior zone, as well as L1eL6
in the lateral condyle).
T. Shiomi et al. / Osteoarthritis and Cartilage 20 (2012) 1383e13901386using two-way analysis of variance (ANOVA) with repeated
measures, with cartilage T2 at various loading conditions as the
repeated factor. A P value of <0.05 indicated statistical signiﬁcance.Results
Before meniscectomy, there was a signiﬁcant decrease in T2
values in all ROIs in both the medial and lateral cartilages under
Condition L, ranging between 4% and 17% from the T2 values under
Condition N (Table I). Under Condition V, a signiﬁcant decrease in
T2 values in all ROIs was also observed in the medial cartilage,
which was more prominent at the outer M2 and M3 zones (Fig. 4).
In contrast, a signiﬁcant increase in T2 values was found at L1 in the
lateral cartilage (Table I). After medial meniscectomy, there was
a signiﬁcant decrease in T2 values at M2, M3, M5, and M6 in the
medial cartilage and on all ROIs except L4 in the lateral cartilage
under Condition L (Table II). Under Condition V, a signiﬁcant
decrease in T2 values at M3, M5, andM6 in themedial cartilage wasTable I
Cartilage T2 in each zone under Condition N, L, and V before medial meniscectomy (N ¼
Condition N Condition L
Mean T2 (SD) Mean T2 (SD) Change (95% CI)
Medial cartilage
M1 76.2 (3.7) 68.6 (3.7) 9.9 (12.3, 7.5)
M2 75.2 (3.3) 68.8 (1.9) 8.5 (9.5, 7.5)
M3 77.1 (3.2) 73.1 (2.5) 5.1 (5.8, 4.4)
M4 79.0 (2.3) 75.7 (2.2) 4.2 (5.0, 3.4)
M5 68.7 (2.9) 56.8 (2.9) 17.3 (18.3, 16.3)
M6 73.0 (5.6) 70.1 (5.5) 4.0 (5.3, 2.7)
Lateral cartilage
L1 67.5 (5.5) 62.3 (4.4) 7.5 (8.9, 6.1)
L2 75.3 (5.4) 64.6 (4.5) 13.9 (16.1, 11.7)
L3 81.2 (2.4) 71.5 (3.6) 11.9 (15.1, 8.7)
L4 76.0 (3.0) 72.3 (2.9) 4.9 (5.5, 4.1)
L5 73.8 (5.1) 66.0 (4.1) 10.4 (12.2, 8.6)
L6 76.5 (4.8) 71.1 (4.5) 7.0 (8.2, 5.8)
The changes were calculated as (values under each Condition  values under Conditionobserved and a signiﬁcant increase at L1 and a signiﬁcant decrease
at L2 and L5 in the lateral cartilage (P < 0.05) were also observed
(Fig. 5). There were signiﬁcant differences in the decrease in
cartilage T2 values before and after meniscectomy (Figs. 6 and 7):
Under Condition L, the decrease in cartilage T2 was signiﬁcantly
larger in M3 and M6 of the medial condyle after meniscectomy
(before/after meniscectomy; M3: 5.1%/10.1%, P ¼ 0.013, M6: 4.0%/
11.4%, P ¼ 0.032) (Fig. 6). There was no signiﬁcant decrease in
cartilage T2 in any ROIs of the lateral condyle between before and
after meniscectomy. Under Condition V, the decrease in cartilage T2
was signiﬁcantly larger in M3 and M6 of the medial condyle after
meniscectomy (before/after meniscectomy; M3: 10.8%/17.8%,
P ¼ 0.0052, M6: 7.2%/18.7%, P ¼ 0.0098) (Fig. 7). There was no
signiﬁcant decrease in cartilage T2 in any ROIs of the lateral condyle
between before and after meniscectomy.Discussion
MR imaging has the potential to evaluate the load responsive-
ness of articular cartilage. The changes in signal intensity and
quantitative assessments of MRI in response to static loading have
been previously investigated using boneecartilage plugs in exper-
imental studies10,13,15,23. Rubenstein et al. examined the MRI
appearance of excised bovine cartilage under static compression
and observed a gradual decrease in signal intensity along the entire
depth of the cartilage as the pressure increased13. Kaufman et al.
observed a reduction in T1 and T2 values of normal bovine cartilage
under static pressure and showed that responsiveness of cartilage
T2 to compressive loading during MRI may be a potent index of
pressure distribution on the cartilage23. In the present study, the
inﬂuence of static loading onT2mapping of the cartilage before and
after meniscectomy was investigated using whole porcine knee
joints retaining all the intraarticular structures, capsules, and
surrounding muscles. These realistic joint models allowed static
loading under near-physiological conditions unlike excised carti-
lage specimens and permitted evaluation of simulated disease
conditions (e.g., varus knee alignment). As expected based on
previous experimental studies15,23, a decrease in cartilage T2 of
intact knees occurred in response to static loading in neutral
alignment, with remarkable side- and location-dependent varia-
tions in T2 changes. These side- and location-dependent variation-
speciﬁc changes in cartilage T2 were more pronounced when there
was a change in varus alignment. Guettler et al. investigated fem-
orotibial pressure on eight fresh-frozen cadaveric knees and found
that a relatively small degree of varus malalignment caused10)
Condition V
P value Mean T2 (SD) Change (95% CI) P value
0.0057 69.4 (2.1) 8.7 (11.6, 5.8) 0.016
0.0007 59.6 (3.7) 20.8 (23.2, 18.4) 0.0003
0.0007 68.7 (1.5) 10.8 (12.3, 9.3) 0.001
0.0023 72.7 (2.7) 8.0 (8.6, 7.4) <0.0001
<0.0001 59.1 (2.4) 14.0 (14.7, 13.3) <0.0001
0.015 67.6 (4.3) 7.2 (9.2, 5.2) 0.0097
0.0029 75.3 (5.4) 11.7 (8.7, 14.7) 0.0046
0.0058 72.2 (2.9) 3.6 (7.7, 0.5) 0.21
0.0069 74.5 (2.6) 8.2 (9.2, 7.2) 0.0004
0.0006 76.6 (5.1) 0.8 (2.2, 3.8) 0.73
0.002 65.7 (2.3) 10.7 (14.4, 7.0) 0.019
0.0018 70.2 (3.4) 8.1 (10.1, 6.1) 0.0076
N)/values under Condition N  100 95% CI.
Fig. 4. Representative 3D reconstructed T2 mapping of femoral cartilage under each condition before meniscectomy.
T. Shiomi et al. / Osteoarthritis and Cartilage 20 (2012) 1383e1390 1387a dramatic alteration in articular surface contact pressure24. Our
ﬁnding that cartilage T2 was further decreased in the medial
condyle but increased in some ROIs of the lateral condyle under
varus loading was in accordance with the biomechanical studies of
Guettler et al.24 The results of our study also indicated the useful-
ness of changes in T2 under static loading for biomechanical
assessment. In patients with knee disorders, increased mechanical
stress caused by malalignment is an important risk factor for
progression of femorotibial osteoarthritis25. The principal functions
of the meniscus include load distribution, shock absorption and
passive stabilization of the femorotibial joint. The menisci transmit
50e90% of the weight-bearing load of the knee26. Previous studies
showed that after removal of the menisci, the contact areas in the
femorotibial joint were greatly reduced and the peak stresses on
tibial cartilage considerably increased2,27. Lee et al. showed an
increased association of tibiofemoral contact stress with removal of
medial menisci using human cadaveric knees2. In the present study,
the change in biomechanical conditions under static loading in the
knee joint before and after meniscectomy was evaluated without
any invasive intervention. Furthermore, the 3D reconstructed T2
mapping technique enabled us to investigate location-speciﬁc
changes in cartilage T2 distribution onto the weight-bearing area
of the whole femoral cartilage associated withmeniscectomy in the
porcine knee joint. Under loading in neutral knee alignment, the
area showing a large decrease in cartilage T2 before medial
meniscectomy moved to the posterior part of the femoral medial
condyle after meniscectomy, a change which was more remarkable
under loading in knee varus alignment. Alhadlaq et al. examinedTable II
Cartilage T2 in each zone under Condition N, L, and V after medial meniscectomy (N ¼ 1
Condition N Condition L
Mean T2 (SD) Mean T2 (SD) Change (95% CI)
Medial cartilage
M1 74.8 (3.4) 71.4 (2.0) 4.4 (6.6, 2.2)
M2 70.9 (2.9) 68.1 (2.1) 3.8 (5.4, 2.2)
M3 73.2 (4.1) 65.7 (1.7) 10.1 (12.5, 7.7)
M4 73.4 (3.5) 71.9 (2.3) 2.1 (4.3, 0.1)
M5 64.2 (3.1) 54.2 (3.9) 15.5 (17.8, 13.2)
M6 67.9 (3.2) 60.1 (3.8) 11.4 (12.7, 10.1)
Lateral cartilage
L1 68.2 (4.0) 63.9 (2.8) 6.3 (7.8, 4.8)
L2 73.5 (3.4) 67.0 (2.6) 8.8 (11.4, 6.2)
L3 77.5 (2.4) 71.0 (3.4) 8.4 (10.2, 6.6)
L4 70.1 (9.6) 68.8 (2.6) 0.7 (7.3, 5.9)
L5 67.1 (3.6) 60.2 (8.4) 10.2 (12.0, 8.4)
L6 77.9 (4.2) 73.9 (2.1) 5.0 (7.0, 3.0)
The changes were calculated as (values under each Condition  values under Conditioncartilage T2 maps without and with static compression in experi-
mental studies, and observed the correlation between the reduc-
tion in cartilage T2 value and the strain value of compressive
loading14. Assuming that the decrease in T2 values observed with
loading correlated with the value of the pressure applied to the
cartilage, our results may indicate that medial meniscectomy
induces a shift of stress concentration to the posterior part of the
femoral medial articular cartilage, particularly in varus knee
alignment in porcine knee joints. This shift of stress concentration
is consistent with the ﬁndings reported by previous studies1,28.
Most studies involved cartilage T2 mapping of the knee joint in
sagittal or coronal MRI planes on one or few images. Based on such
limited sectional images, the comparison of cartilage T2 between
individuals or the longitudinal study of cartilage alterations is
unreliable, because corresponding locations and orientations
cannot be easily reproduced. Furthermore, quantitative evaluation
should include the entire joint surface and should not rely on single
images. For morphological assessment of cartilage with quantita-
tive MRI, some researchers have measured femoral cartilage
thickness and volume using 3D modeling29e31. Eckstein et al. re-
ported the normal range and the interindividual variability of
cartilage volume, thickness, and articular surface areas in the knee
joints of healthy male subjects using computational 3D recon-
struction. However, to our knowledge, few studies have assessed T2
mapping of articular cartilage with 3D imaging32. Carbalido-Gamio
et al. evaluated cartilage T2 maps and reported successful locali-
zation of intra- and intersubject knee cartilage relaxation times.
Although the present T2 mapping overlaid on a 3D anatomical0)
Condition V
P value Mean T2 (SD) Change (95% CI) P value
0.06 72.8 (2.4) 2.5 (5.4, 0.4) 0.29
0.032 69.3 (2.2) 2.1 (3.4, 0.8) 0.096
0.0054 60.0 (2.5) 17.8 (20.4, 15.2) 0.0011
0.25 72.3 (2.8) 1.5 (3.1, 0.1) 0.24
0.0007 56.6 (1.9) 11.6 (14.5, 8.7) 0.0056
0.0002 55.2 (3.5) 18.7 (20.2, 17.2) <0.0001
0.0049 73.5 (2.0) 8.0 (4.0, 12.0) 0.037
0.011 69.8 (2.6) 5.0 (6.0, 4.0) 0.0037
0.0031 80.2 (3.3) 3.5 (1.4, 5.6) 0.076
0.73 73.7 (3.6) 6.3 (0.6, 13.2) 0.35
0.0012 63.7 (5.6) 5.0 (7.0, 3.0) 0.028
0.03 75.7 (2.5) 2.8 (4.5, 1.1) 0.10
N)/values under Condition N  100 95% CI.
Fig. 5. Representative 3D reconstructed T2 mapping of femoral cartilage under each condition after meniscectomy.
Fig. 6. The decrease rate in T2 values [with error bars indicating 95% conﬁdence interval (CI)] under Condition L compared with Condition N before and after meniscectomy
(N ¼ 10). The changes were calculated as (values under Condition N  values under Condition L)/values at Condition N  100. (*) Signiﬁcant difference of the decrease rate in
cartilage T2 between Condition N and Condition L.
T. Shiomi et al. / Osteoarthritis and Cartilage 20 (2012) 1383e13901388model of the femoral cartilage is not real 3D-T2 mapping acquisi-
tion, assessment of 3D reconstructed T2 mapping allowed clear
identiﬁcation of changes in the distribution of cartilage T2 in
association with meniscus anatomical locations. The current study
had several limitations. First, the composition and thickness of the
articular cartilage in different species may vary with different load-
bearing patterns, and the ex vivo whole-knee model did not take
into account surrounding muscle action (e.g., contraction of quad-
riceps or hamstrings) or forces from surrounding ligamentous
restraints. The severity and localization of changes in the MRI
measurements in association with loading or varus alignment may
be different in human knee imaging in vivo. However, due toFig. 7. The decrease rate in T2 values (with error bars indicating 95% CI) under Condition V c
calculated as (values at Condition N  values at Condition V)/values at Condition N  100.
Condition V.anatomic similarity to the human knee, the porcine model has
often been used in experimental studies. In some previous studies,
knee kinematics and in situ force in the reconstruction technique of
anterior cruciate ligament were assessed using porcine knee
joint33,34, or compressive stresses in the subchondral bone,
epiphysis, and diaphysis of the tibia in porcine knees were
measured under static and impact load with various knee align-
ments35. Ronken et al. assessed stiffness of human and porcine
articular knee cartilage under different loading conditions, and
reported that porcine cartilage has mechanical properties similar to
the human cartilage36. We believe that this model allowed inves-
tigation of the load response of cartilage by T2 mapping. Second,ompared with Condition N before and after meniscectomy (N ¼ 10). The changes were
(*) Signiﬁcant difference of the decrease rate in cartilage T2 between Condition N and
T. Shiomi et al. / Osteoarthritis and Cartilage 20 (2012) 1383e1390 1389ROI placement was manually deﬁned for calculating cartilage T2,
and may be a source of reduced reproducibility of T2 measure-
ments. We believe that the measurements were sufﬁciently reliable
because of the high signal contrast between the cartilage and
adjacent subchondral bone or joint ﬂuid, and because of the ROI
placement on the basis of meniscal morphology. Intraobserver
reliability ranged from 2.4% to 4.3%, and interobserver reliability
ranged from 3.3% to 5.5%. Carbalido-Gamio et al. found the reli-
ability of T1rho acquisition to be 5.5e5.8% with 3D assessment of
cartilage in the femoral condyle32. The reliability noted in the
present study was higher than that of the previous study. Finally,
assessment of average T2 values of bulk ROIs from the cartilage base
to the articular surface may be insufﬁcient to detect small T2
variations in layer-speciﬁc zones, such as the superﬁcial and deep
layers of the cartilage. In the condition of varus alignment after
meniscectomy, however, the medical cartilage thickness decreased
under loading by about one-third of the original thickness, and
cartilage T2may not be sufﬁciently calculated in layer-speciﬁc ROIs,
due to limited spatial resolution. Further studies are required to
assess layer-speciﬁc 3D cartilage T2 distribution.
In conclusion, 3D reconstructed T2 mapping of femoral cartilage
may allow region-speciﬁc biomechanical assessment of stress
distribution on the cartilage, reﬂecting detailed anatomical location
of the meniscus. A deﬁciency of the medial meniscus resulted in
a shift of the primary area with a maximal decrease of cartilage T2
with loading posteriorly in the porcine knee joint, presumably
reﬂecting the intraarticular environment of load transmission.
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